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Abstract Human ATP1AL1 and corresponding genes of other
mammals encode the catalytic K subunit of a non-gastric
ouabain-sensitive H,K-ATPases, the ion pump presumably
involved in maintenance of potassium homeostasis. The tissue
specificity of the expression of these genes in different species has
not been analyzed in detail. Here we report comparative RT-
PCR screening of mouse, rat, rabbit, human, and dog tissues.
Significant expression levels were observed in the skin, kidney
and distal colon of all species (with the exception of the human
colon). Analysis of rat urogenital organs also revealed strong
expression in coagulating and preputial glands. Relatively lower
expression levels were detected in many other tissues including
brain, placenta and lung. In rabbit brain the expression was
found to be specific to choroid plexus and cortex. Prominent
similarity of tissue-specific expression patterns indicates that
animal and human non-gastric H,K-ATPases are indeed
products of homologous genes. This is also consistent with the
high sequence similarity of non-gastric H,K-ATPases (including
partial sequences of hitherto unknown cDNAs for mouse and dog
proteins).
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1. Introduction
Di¡erent animal K-dependent ATPases (X,K-ATPases)
are the most closely related ion-transporting P-type ATPases.
All known X,K-ATPases function as cation exchangers which
pump K into the cell and Na or H out of the cell ; they
exhibit a much higher level of sequence homology between
their catalytic K subunits (V110 kDa) than with other P-
ATPases, and contain a glycosylated L subunit (core protein
V35 kDa) [1,2]. The X,K-ATPase family combines three dis-
tinct groups of ion pumps which can be distinguished on the
basis of their structure-functional properties. The ¢rst group
consists of universal components of the plasma membrane of
animal cells, the Na,K-ATPases (four isoforms for the K and
three isoforms for the L subunit). The gastric H,K-ATPase
represents a second group. Recently discovered catalytic sub-
units of non-gastric or ouabain-sensitive H,K-ATPases com-
prise the third distinct group of X,K-ATPases [2].
The existence of non-gastric H,K-ATPases, which are in-
volved in K absorption and proton secretion in kidney and
distal colon, was predicted in many previous physiological,
biochemical and pharmacological studies (for review, see
[3,4]). However, none of these ATPases has been isolated,
and the L subunits speci¢c for non-gastric H,K-ATPase
have not yet been identi¢ed. To date, only cDNAs encoding
K subunits of mammalian non-gastric H,K-ATPases from hu-
man kidney and skin [5,6] and from distal colons of rat [7],
guinea pig [8], and rabbit (GenBank accession number
AF023128) have been cloned. The protein product of the hu-
man ATP1AL1 gene (Atp1al1) and its homologs are structur-
ally equally distant (63^64% amino acid identity) from the
Na,K-ATPase K subunit isoforms and the gastric H,K-ATP-
ase K subunit. Functional properties of the Atp1al1 and rat
colonic protein have been studied through heterologous ex-
pression in combination with gastric H,K-ATPase L subunit
as a surrogate for the unknown real L subunit [9^11]. The
data obtained therein demonstrated that these proteins are
constituents of a new, non-gastric type of H,K-ATPase which,
in contrast to the gastric H,K-ATPase, are sensitive to car-
diotonic steroids such as ouabain. Thus, signi¢cant di¡erences
in structure and in sensitivity to inhibitors between gastric and
non-gastric H,K-ATPases clearly indicated that these enzymes
represent separate groups within the family of X,K-ATPases.
Available data on the expression of these genes are rather
limited. The Atp1al1 mRNA was detected in human kidney,
skin, and brain [5,6,12]. The mRNA of rat H,K-ATPase was
detected in distal colon and at a lower level in kidney, uterus,
heart and forestomach [7]. In the present study, we aimed to
elucidate the pattern of tissue-speci¢c expression of mRNAs
for K subunits of non-gastric H,K-ATPases in several mam-
malian species. The data obtained herein demonstrate similar
patterns of expression of human and animal mRNAs. These
observations are consistent with the view that animal and
human non-gastric H,K-ATPases are products of homologous
genes [12].
2. Materials and methods
2.1. Tissues
Red New Zealand 40^50 day old rabbits, 6 month old C57 Black
mice and Sprague-Dawley rats were used. Mice were killed by cervical
dislocation, rats by decapitation, rabbits by decapitation under anes-
thesia with ether. Tissues of rats fed a potassium-de¢cient diet were a
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kind gift of Dr. J. Shapiro. Dog kidneys were purchased from Pel-
Freez Inc. (Rogers, AR). Samples of human tissues were obtained 5 h
post mortem from a 75 year old male (heart failure) at Sklifosovsky
Ambulance Institute (Moscow). Human placentas were obtained from
the Medical Center for Gynecology, Obstetrics and Perinatology
(Moscow) and St. Vincent Mercy Medical Center (Toledo, OH). Hu-
man tissues were also provided by Cooperative Human Tissue Net-
work (Columbus, OH), Harvard Brain Tissue Resource Center (Bel-
mont, MA) and Proctology State Scienti¢c Center (Moscow).
2.2. RT-PCR
Total RNA was isolated from about 30 mg tissue using the SV
Total RNA Isolation System (Promega), which includes DNase treat-
ment. To 5 Wg of the RNA in water 400 ng dT15 (Promega) was
added, heated at 65‡C 2 min and placed on ice. Reverse transcription
was carried out in 1 mM dNTP, 75 mM KCl, 5 mM DTT, 50 mM
Tris-HCl pH 8.0 (at 37‡C), 6 mM MgCl2, 0.002% BSA, 25 units
ribonuclease inhibitor (Fermentas, Lithuania), 200 units M-MLV re-
verse transcriptase (Promega) in 45 Wl total volume at 37‡C for 2 h.
The reaction mixture was extracted with phenol-chloroform followed
by ethanol precipitation. The pellet was dissolved in 50 Wl TE.
PCR was performed in 20 Wl 67 mM Tris-HCl, 16.6 mM ammo-
nium sulfate, 1.5 mM MgCl2, 0.25 mM dNTP, 0.01% Tween-20,
5 pmol of each primer, 1 Wl cDNA and 0.1 unit Taq DNA polymerase
(Laboratory of Biotechnology, Moscow) on MC-2 (DNK Tekhnolo-
gia, Moscow) or GeneAmp-9600 (Perkin Elmer) thermal cyclers with
the following settings: 94‡C for 1.5 min; 40 cycles at 94‡C 45 s, 55‡C
45 s, 72‡C 60 s; 72‡C for 5 min. PCR products were analyzed by gel
electrophoresis in 1.5% agarose. Quality control of RT-PCR was
made by ampli¢cation (30 cycles) of GAPDH cDNA with the uni-
species primers FUGAP (TGCACCACCAACTGCTTAGC) and BU-
GAP (CRTTGTCATACCAGGAGGAAATGAGC).
2.3. DNA sequencing
PCR products were puri¢ed from agarose gel with the GeneClean II
kit (Bio 101, Vista, CA) and sequenced in both directions with the use
of corresponding primers at the University of Michigan Sequencing
Core Lab (Ann Arbor, MI).
3. Results and discussion
RT-PCR was used to elucidate the tissue-speci¢c expression
patterns of non-gastric H,K-ATPase K subunit in several
mammalian species. Primers were designed using pair-wise
alignments of the known cDNAs in order to ¢nd stretches
with high homology between the non-gastric H,K-ATPase
genes from di¡erent species and low homology with gastric
H,K- and Na,K-ATPases. The antisense primer BAU-1
(GGNRCRGCCACAAACCAGTACTG) is complementary
to all sequenced mammalian non-gastric ATPase cDNAs (co-
ordinates 3004^3026 for the coding part of the human
cDNA). Two sense primers were used: F3-BHRA, speci¢c
for rabbit and human ^ CATYATGAACAGGAAGCCTCG;
and F2-RG, speci¢c for rat and guinea pig genes ^
CAGCTKGCCATCTACTCTTACC. F3-BHRA and F2-RG
were found to be complementary also to dog and mouse
cDNAs, respectively.
The results of RT-PCR are presented in Fig. 1. The prod-
ucts were of the expected sizes (440 bp in the case of rat
templates, and 492 bp in the case of human and rabbit tem-
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Fig. 1. RT-PCR analysis of the ouabain-sensitive (non-gastric) H,K-
ATPase gene expression in tissues of several mammalian species. A:
Ampli¢cation products of the non-gastric H,K-ATPase K subunit
mRNA. B: Control ampli¢cation of GAPDH. 1a: Mouse: 1, brain;
2, submandibular gland; 3, thyroid; 4, heart; 5, liver; 6, pancreas;
7, gastric mucosa; 8, rectal epithelium; 9, ovary and oviduct; 10,
uterus; 11, vagina; 12, testis; 13, epididymis, ductus deferens and
male accessory glands; 14, penis; 15, skin (face); 16, pUC18/HinfI
digest. 1b: Rat: 1^9, adult tissues; 10^14, neonatal tissues. 1, skin
(face); 2, skeletal muscle; 3, brain; 4, thymus; 5, diaphragm;
6, lung; 7, heart; 8, adrenal; 9, kidney; 10, stomach; 11, pancreas;
12, skin (face); 13, skeletal muscle; 14, brain. 1c: Rat male genital
tract: 1, 100 bp DNA ladder; 2, bladder; 3, testis; 4, caput epididy-
midis; 5, cauda epididymidis; 6, ductus deferens; 7, vesicular gland;
8, prostate; 9, coagulating gland; 10, bulbourethral gland; 11, ure-
thra; 12, preputial gland. 1d: Rabbit: 1, cortex; 2, white matter;
3, olfactory bulbs; 4, choroid plexus of lateral ventricle; 5, thala-
mus; 6, hypothalamus; 7, brain stem; 8, retina; 9, heart; 10, kid-
ney; 11, liver; 12, pancreas; 13, gastric mucosa; 14, rectal epithe-
lium; 15, penis; 16, skin (back); 17, skin (face); 18, pUC18/HinfI
digest. 1e: Human: 1, CACO-2 cells; 2, brain; 3, kidney; 4, liver;
5, placenta; 6, sigmoid colon epithelium. Dog: 7, kidney.
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plates). Precise quanti¢cation of the ATPase mRNA was be-
yond the aims of this work. Still, one can make a qualitative
estimation of the expression level from the band intensities :
no expression detected, low or high level.
As shown in Fig. 1a, the product of PCR ampli¢cation of
the mouse gene homologous to the human ATP1AL1 was
detected not only in colon but also in skin, female reproduc-
tive organs (vagina, uterus, fallopian tubes and/or ovary), and
in the male reproductive system. The mRNA was also de-
tected in brain. Negative results were obtained for heart, liver,
salivary glands and thyroid.
Among the rat tissues tested we observed strong signals in
skin, lung and kidney (Fig. 1b). No expression was observed
in skeletal muscle, thymus, diaphragm, adrenal, neonatal
stomach and pancreas, and adult brain. A faint band was
detected in neonatal brain. No other di¡erences were observed
between adults and neonates. The expression in the rat skin is
not changed under dietary potassium depletion, neither is it
induced in the brain (data not shown). The most interesting
¢nding was the detection of the mRNA in the male urogenital
system (Fig. 1c). Weak expression was detected in many sec-
tions, but strong signals only in coagulating and preputial
glands.
In the rabbit (Fig. 1d) we detected remarkable non-gastric
H,K-ATPase gene expression in colon, di¡erent areas of the
skin, and in penis. Less pronounced signals were observed in
kidney, and weak signals were observed in brain, retina and
pancreas. Liver, gastric mucosa and heart were negative. For
a more detailed analysis, rabbit brain was dissected into sev-
eral parts (Fig. 1d, lanes 1^7). Expression was found in cho-
roid plexus and cortex while no signal was observed in the
whole brain stem, thalamus and white matter of the pallium.
Analysis of human tissues (Fig. 1e) showed that the non-
gastric H,K-ATPase mRNA is present at a signi¢cant level in
kidney. Moderate levels were observed in brain, placenta, low
levels in sigmoid colon and colon carcinoma CACO-2 cells
while no expression was observed in liver.
Thus, patterns of tissue-speci¢c expression of non-gastric
H,K-ATPases exhibit prominent similarity in all species
tested. The transcripts were always detected in skin, rectum
and kidney. The liver was always negative. Di¡erences in tis-
sue-speci¢c expression among species seem not to be consid-
erable. Only one apparent exception is the rat, being unique
and di¡erent even from the mouse ^ no expression in the adult
brain but a positive signal in heart. More detailed consider-
ation of our results obtained with particular tissues from dif-
ferent species is outlined below.
3.1. Kidney
The expression of the human and rat genes of interest in
kidney is well established [3,5,13^15]. Here, we detected the
presence of ATP1AL1 homologs also in mouse, rabbit and
dog kidney. Recent data on upregulation of rat mRNA in
kidney of potassium-restricted animals support the role of
the ouabain-sensitive H,K-ATPase in maintenance of potassi-
um homeostasis [3,13].
3.2. Colon
Rat mRNA of non-gastric H,K-ATPase K subunit is abun-
dantly expressed in distal colon [7]. We also detected strong
signals from corresponding mRNAs in mouse and rabbit co-
lons. In contrast, a much lower level of the ATP1AL1 mRNA
was detected in human large intestine. The observation may
indicate a considerably lower importance of this ion pump in
potassium absorption re£ecting anatomical and physiological
di¡erences of the gastrointestinal tracts. Unfortunately, data
on the capacity of potassium absorption in human large in-
testine are very limited [16]. The low level of expression in
available human specimens derived from tissues surrounding
colon tumors may be due to the degeneration of mucosal
epithelium associated with the underlying disease [12].
3.3. Skin
The presence of mRNA of Atp1al1 in human skin has been
reported earlier [6,12]. Here, we detected transcripts of the
corresponding genes also in rodent and rabbit skin. Thus,
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Fig. 2. Sequence comparison of the C-terminal parts of the human [6], dog, rabbit (GenBank accession number AF023128), guinea pig [8], rat
[7], and mouse K subunits of non-gastric H,K-ATPases. The amino acids are numbered according to the human Atp1al1 sequence. Boxes indi-
cate identity to corresponding residues of Atp1al1. Transmembrane segments are marked by rectangles.
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expression in skin is a common feature of the non-gastric
H,K-ATPase genes. Considering the role of the skin in main-
tenance of ion homeostasis in mammals, we suggest that these
ion pumps are components of sweat glands. The most prob-
able location of the non-gastric H,K-ATPase is the ductal
gland region where a highly e⁄cient ouabain-sensitive process
of electrolyte reabsorption takes place to render ¢nal hypo-
tonic sweat [17,18]. Interestingly, an ouabain-sensitive K-de-
pendent p-nitrophenylphosphatase activity was detected along
the entire peripheral ductal cell membrane and interpreted as
unpolarized distribution of Na,K-ATPases [19]. Since ouabain
can no longer be considered to be speci¢c for Na,K-ATPase
[9,10], the above observations may re£ect, in fact, the presence
of the ouabain-sensitive H,K-ATPase in apical membrane and
the Na,K-ATPase in basolateral membrane. Functionally, the
ducts of sweat glands are also capable of acidifying sweat [18].
The Atp1al1 and other non-gastric H,K-ATPases might be
responsible for such acidi¢cation.
3.4. Urogenital tracts
The rodent ATP1AL1 homolog is expressed in female and
male urogenital systems (Fig. 1a,c). Its signi¢cance in the co-
agulating gland, a part of the prostate complex, is di⁄cult to
understand because data on its secretion composition are not
available [20]. From the detection of the transcripts in the
preputial gland, a large sebaceous gland, we can speculate
that the non-gastric H,K-ATPase may be present also in seba-
ceous glands of the skin.
3.5. Placenta
Regarding the ATP1AL1 gene expression in full-term pla-
centa (predominantly in villous tissue), we suggest that oua-
bain-sensitive H,K-ATPase is involved in materno-fetal ion
exchange and that syncytiotrophoblast, a polarized epithelial
layer which forms the main barrier between mother and fetus
[21], is the most probable place of this ion pump location.
3.6. Brain
Reliable detection of Atp1al1 mRNA expression in human
brain has been reported earlier [5]. The amount of Atp1al1
homologous mRNAs in animal brains is obviously very low
and it was not detected at all in the rat brain. The non-gastric
H,K-ATPase may be physiologically important in brain only
if the expression is tightly regulated or limited to a small
population of cells. Recently, an H,K-ATPase activity was
reported in rat microglia [25]. But the absence of the rabbit
ATP1AL1 homolog mRNA in white matter is very unfavor-
able to the hypothesis that this activity may be attributed to
the non-gastric H,K-ATPase. In the rabbit the expression was
reliably detected only in cortex (or in adjacent meninges) and
choroid plexus. From these data a speculation can be made
that the expression is a feature of particular epithelia of the
meninges and choroid plexus. If this is true, the physiological
signi¢cance of the ATPase in the brain may lie in CSF potas-
sium level maintenance. CSF is known to contain less potas-
sium than plasma [22] and this level is strictly controlled
under plasma hypo- and hyperkalemia [23,24]. Indeed, in hy-
perkalemia an increase of K1 Na,K-ATPase in rat choroid
plexus has been reported [24], so there is a possibility that
Atp1al1 expression might also be upregulated under this con-
dition.
The cDNAs encoding mouse and dog non-gastric ATPases
have not yet been characterized; therefore, the corresponding
PCR fragments were sequenced. All nucleotide sequences re-
vealed high homology with previously reported non-gastric
H,K-ATPase cDNAs: the mouse/rat pair exhibits V90%
identity over 340 bp, and the human/dog pair V87% identity
over 410 bp. The alignment of the deduced amino acid se-
quences with previously established proteins [6^8] is shown in
Fig. 2. These sequences represent C-terminal domains of poly-
peptide chain which include transmembrane segments (TM)
VII, VIII, IX and part of TM X. The cytoplasmic sequences
preceding TM VII and the loop connecting TM VII and TM
IX are the most conservative. The majority of replacements is
concentrated in the extracellular loop between TM VII and
TM VII. On average, pair-wise comparison of the sequences
presented revealed about 85% identity. The known complete
human, rat, guinea pig and rabbit sequences also shareV85%
identical amino acids [6^8]. Such a level of similarity is typical
for distinct isoforms of the Na,K-ATPase (86^87% identity),
whereas the human and rat homologous Na,K-ATPase iso-
forms exhibit 97^99% sequence identity. Therefore, it was
suggested that non-gastric H,K-ATPase K subunits may be
products of closely related, but distinct genes [6,7]. However,
the similarity between 3P untranslated regions of the human
and rat genes [12] clearly demonstrated that the genes are
indeed homologs. The similarity of tissue-speci¢c expression
of the genes reported here provides additional support for this
conclusion. Therefore, the greater degree of structural diver-
sity may re£ect that sequence requirements for non-gastric
H,K-ATPase were not as strict during evolution as in the
case of the extremely well conserved gastric H,K- and
Na,K-ATPases [12].
Recent ¢ndings on modulation of the rat K subunit mRNA
expression by potassium and acid/base balance and aldoster-
one status [13^15], which are in good accordance with phys-
iological regulation of K absorption reported in distal colon
and kidney [3,4], provide additional support for the role of the
ouabain-sensitive H,K-ATPase in the maintenance of potassi-
um homeostasis [26]. The functional status of this ion pump
may be important to diverse disease processes such as cardio-
vascular and renal disorders, in which dysfunctions of ion
homeostasis are involved.
Acknowledgements: This work was supported in part by National In-
stitutes of Health Grants HL-36573 and GM-54997, by the U.S. Ci-
vilian Research and Development Foundation Grant RB-198, and by
Russian Foundation for Basic Research Grants 96-04-50349 and 98-
04-48408. We thank Dr. N.S. Bystrov for synthesis of oligonucleoti-
des.
References
[1] Moller, J.V., Juul, B. and le Maire, M. (1996) Biochim. Biophys.
Acta 1286, 1^51.
[2] Horisberger, J.-D. (1994) in: The Na,K-ATPase: Structure-Func-
tion Relationship, pp. 1^107, R.G. Landes, Austin, TX.
[3] Doucet, A. (1997) Exp. Nephrol. 5, 271^276.
[4] Binder, H.J. and Sandle, G.I. (1994) in: Physiology of the Gas-
trointestinal Tract (Johnson, L.R., Ed.), Vol. 1, pp. 2133^2172,
Raven Press, New York.
[5] Modyanov, N.N., Petrukhin, K.E., Sverdlov, V.E., Grishin,
A.V., Orlova, M.Y., Kostina, M.B., Makarevich, O.I., Broude,
N.E., Monastyrskaya, G.S. and Sverdlov, E.D. (1991) FEBS
Lett. 278, 91^94.
[6] Grishin, A.V., Sverdlov, V.E., Kostina, M.B. and Modyanov,
N.N. (1994) FEBS Lett. 349, 144^150.
FEBS 21234 7-12-98
N.B. Pestov et al./FEBS Letters 440 (1998) 320^324 323
[7] Crowson, M.S. and Shull, G.E. (1992) J. Biol. Chem. 267, 13740^
13748.
[8] Asano, S., Hoshina, S., Nakaie, Y., Watanabe, T., Sato, M.,
Suzuki, Y. and Takeguchi, N. (1998) Am. J. Physiol. 275,
C669^C674.
[9] Modyanov, N.N., Mathews, P.M., Grishin, A.V., Beguin, P.,
Beggah, A.T., Rossier, B.C., Horisberger, J.-D. and Geering,
K. (1995) Am. J. Physiol. 269, C992^C997.
[10] Grishin, A.V., Bevensee, M.O., Modyanov, N.N., Rajendran, V.,
Boron, W.F. and Caplan, M.J. (1996) Am. J. Physiol. 271, F539^
F551.
[11] Cougnon, M., Planelles, G., Crowson, M.S., Shull, G.E., Rossier,
B.C. and Jaisser, F. (1996) J. Biol. Chem. 271, 7277^7280.
[12] Sverdlov, V.E., Kostina, M.B. and Modyanov, N.N. (1996) Ge-
nomics 32, 317^327.
[13] DuBose Jr., T.D., Codina, J., Burges, A. and Pressley, T.A.
(1995) Am. J. Physiol. 269, F500^F507.
[14] Fejes-ToŁth, G., Rusvai, E., Longo, K.A. and NaŁray-Fejes-ToŁth,
A. (1995) Am. J. Physiol. 269, F551^F557.
[15] Jaisser, F., Escoubet, B., Coutry, N., Eugine, E., Bonvalet, J.P.
and Farman, N. (1996) Am. J. Physiol. 270, C679^C687.
[16] Agarwal, R., Afzalpurkar, R. and Fordtran, J.S. (1994) Gastro-
enterology 107, 548^571.
[17] Quinton, P.M. and Reddy, M.M. (1989) Ann. NY Acad. Sci.
574, 438^446.
[18] Sato, K., Kang, W.H., Saga, K. and Sato, K.T. (1989) J. Am.
Acad. Dermatol. 20, 537^563.
[19] Saga, K. and Sata, K. (1988) J. Histochem. Cytochem. 36, 1023^
1030.
[20] Brooks, D.E. (1990) in: Marshall’s Physiology of Reproduction
(Lammins G.E., Ed.), Vol. 2, pp. 569^690, Churchill Livingstone,
Edinburgh.
[21] Shennan, D.B. and Boyd, C.A. (1987) Biochim. Biophys. Acta
906, 437^457.
[22] Somjen, G.G. (1979) Annu. Rev. Physiol. 41, 159^177.
[23] Bradbury, M.W.B. and Kleeman, C.R. (1967) Am. J. Physiol.
213, 519^528.
[24] Klarr, S.A., Ulanski II, L.J., Stummer, W., Xiang, J., Betz, A.L.
and Keep, R.F. (1997) Brain Res. 758, 39^44.
[25] Shirihai, O., Smith, P., Hammar, K. and Dagan, D. (1998) Glia
23, 339^348.
[26] Meneton, P., Schultheis, P.J., Greeb, J., Nieman, M.L., Liu,
L.H., Clarke, L.L., Du¡y, J.J., Doetschman, T., Lorenz, J.N.
and Shull, G.E. (1998) J. Clin. Invest. 101, 536^542.
FEBS 21234 7-12-98
N.B. Pestov et al./FEBS Letters 440 (1998) 320^324324
